
NASA TECHNICAL 
MEMORANDUM 

NASA TM X-53255 

MAY 5, 1965 

M E A S U R E M E N T  R E L A T I O N S H I P S  F O R  P E G A S U S - T Y P E  
M E T E O R 0  I D  E X P E R  I M E N T S  

by CHARLES C. DALTON 
Aero-Astrodynamics Laboratory 

NASA 

George C. Marsbull 
Space Flight Center, 
Hmtsuille, Alabama 

. 



> 

TE CHNI CAL MEMORANDUM X- 5 3 25 5 

1.IEASUREMENT RELATIONSHIPS FOR PEGASUS-TYPE METEOROID EXPERIMENTS 

BY 

Charles C. Dalton 

George C. Marshall  Space F l i g h t  Center 
1 

Huntsv i l l e ,  Alabama 

ABSTRACT 

I n  Pegasus-type meteoroid measurement s a t e l l i t e  experiments,  where 
v e h i c l e  a t t i t u d e  information is  a v a i l a b l e  without  information about  the  
meteoroid c los ing  v e l o c i t y  vec to r ,  the probable r a d i a n t  and the  puncture 
f l u x  enhancement f a c t o r  f o r  spo rad ic  meteors should be based on the  
assumption t h a t  v e l o c i t y  vec to r s  f o r  ambient meteoroids a r e  i s o t r o p i c a l l y  
d i s t r i b u t e d .  
f l a t  t ransducer  a r e  more than 45 degrees from the  normal, those wi th in  
45 degrees puncture th ree  times more e f f e c t i v e l y  than the  o t h e r s ,  and 
h a l f  of the punctur ing meteoroids a r e  less than 33.5 degrees from the  
normal when the  e a r t h  is below the  su r face  horizon.  This d i s t r i b u t i o n  
a l s o  implies  that the  f l u x  of puncturing meteoroids is f i v e  times g r e a t e r  
than the  f l u x  of i nc iden t  meteoroids wi th  mass equal t o  o r  g r e a t e r  than 
the  mgss of the  almost-puncturing meteoroid wi th  the average va lues  of 
d e n s i t y ,  v e l o c i t y ,  and impact angle .  

Then, a l though h a l f  of the  meteoroids which impact onto a 

The formulas f o r  the c e l e s t i a l  coord ina tes  of the  probable r a d i a n t  
of a punctur ing meteoroid have been cor rec ted  f o r  ea r th - sh ie ld ing .  This 
c o r r e c t i o n  is  important near the e a r t h  even under nominal c i rcumstances;  
e.g. ,  when the  o r b i t  he igh t  is 500 k i lometers ,  the  r a d i u s  of the  e a r t h ' s  
d i s k  (as seen  from the  v e h i c l e )  i s  70 degrees.  
e l eva t ions  of the  e a r t h ' s  cen ter  a r e  0, 15, 30, 45,  and 60 degrees ,  t he  
probable  r a d i a n t s  a r e  de f l ec t ed  5, 10, 20, 39,  and 80 degrees ,  r e s p e c t i v e l y ,  
by the  ea r th - sh ie ld ing  e f f e c t .  

I n  that case ,  when the  
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D e f i n i t i o n  

mass of a meteoroid which a t  mean d e n s i t y ,  mean v e l o c i t y ,  
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logar i thm of the  puncture f l u x  enhancement f a c t o r  

meteoroid v e l o c i t y  i n  ki lometers  per  second 

meteoroid m a t e r i a l  d e n s i t y  i n  grams per  cubic  cent imeter  

log  f and log i; 
and log  p 

meteoroid mass i n  grams 

r e p r e s e n t  t h e  popula t ion  means of log  v 
P 

P 

f l u x  of i nc iden t  meteoroids wi th  mass equal  to  o r  g r e a t e r  
than m 

va lue  of log Fs when m i s  one gram 

s lope  of log Fs as a l i n e a r  j unc t ion  of log m 

angle  of i m p a c t  i n  r ad ians  w i t h  r e s p e c t  t o  the  normal f o r  
a punctur ing meteoroid 

e f f e c t i v e  th ickness  of a d i s t r i b u t e d  puncture t ransducer  
i n  cent imeters  

t a r g e t  s u b s c r i p t  

t a r g e t .  material d e n s i t y  i n  grams p e r  cubic  cent imeter  

t a r g e t  hardness i n  B r i n e l l  u n i t s  

c r a t e r  depth i n  cent imeters  

p r o j e c t i l e  diameter  i n  cent imeters  

bulk v e l o c i t y  of sound i n  k i lometers  per  second 

x Young's modulus, kilograms p e r  square  cent imeter  

d u c t i l i t y ,  pe rcen t  e longat ion  i n  2-inch gauge l eng th  
a t  f r a c t u r e  

iv  



D E F I N I T I O N  OF SYMBOLS (Cantinued) 

Symbol 

V 

k2 

k3  

hp 

8 

r 

re 

i 

Be 

f 

hm 

P 

Def in i t ion  

Poisson 's  r a t i o  

a known func t ion  of t a r g e t  material parameters 

a parameter depending on material and dynamic p r o p e r t i e s  
of the  p r o j e c t i l e  or  meteoroid,  thought t o  be 3 f o r  
dense p r o j e c t i l e s  

an  unknown funct ion  of meteoroid m a t e r i a l  parameters 

meteoroid puncture f l u x  

c e l e s t i a l  l a t i t u d e  of  r a d i a n t  of s u r f a c e  normal 
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angular  r ad ius  of the e a r t h  (meteoroid c ross  s e c t i o n )  as 
seen  from the  s a t e l l i t e  i n  r ad ians  

geocen t r i c  r a d i a l  d i s t ance  of the  s a t e l l i t e  i n  k i lometers  

r ad ius  of the  e a r t h  i n  ki lometers  

i n c l i n a t i o n  of meteoroid o r b i t a l  plane t o  the  e c l i p t i c  
plane 

c e l e s t i a l  l a t i t u d e  of meteor r a d i a n t  

cosmic weighting funct ion for a photographic meteor 

meteor he igh t  above sea l e v e l  a t  t he  po in t  of maximum 
b r  ill iance 

Opik's p r o b a b i l i t y  that  a meteoroid i n  a given o r b i t  
w i i i  encounter the earth during nne r evo lu t ion  of the  
p a r t i c l e  
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Def in i t i on  

r e c i p r o c a l  of the apparent  f r a c t i o n  of the c i r c l e  of 
c e l e s t i a l  l a t i t u d e  through a meteor r a d i a n t  

meteor z e n i t h  angle  i n  rad ians  

cons tan t  s c a l e  f a c t o r  t o  r e s t o r e  e q u a l i t y  between the 
samle s i z e  and the sample sum of the weighting func t ions  
f o r  photographic meteors 

angle  of i m p a c t  i n  r ad ians  wi th  r e s p e c t  t o  the  normal f o r  
a meteoroid impacting onto a s u r f a c e  

mass of a meteoroid which a t  mean d e n s i t y ,  mean v e l o c i t y ,  
a n d  angle  of impact x w i l l  j u s t  puncture a g iven  s h e e t  of 
material 

p r o b a b i l i t y  that  the  mass m of a meteoroid is s u f f i c i e n t  
f o r  puncture when the ang le  of i m p a c t  is x 

the f r a c t i o n  of the  p o t e n t i a l l y  punctur ing meteoroids 
from the exposed hemisphere which a r e  in t e rcep ted  by the  
apparent  segment of the e a r t h  

the apparent  f r a c t i o n  of the e a r t h ' s  d i s k  

angular  s epa ra t ion  of the  cen te r  of the  e a r t h ' s  d i s k  from 
the s u r f a c e  z e n i t h  i n  r ad ians  

su r face  z e n i t h  angle  ( r ad ians )  of probable r a d i a n t  

ang le  a t  the cen te r  of t he  e a r t h ' s  d i s k  between the  
meridian of the  exposed hemisphere and the  c e l e s t i a l  
m e r  id  i an  

c e l e s t i a l  l a t i t u d e  of the  probable r a d i a n t  of the punctur- 
ing meteoroid 

c e l e s t i a l  longi tude  of t h e  probable  r a d i a n t  of the punctur- 
ing meteoroid 

ha l f  of the a r c  of the  e a r t h ' s  d i s k  ( r ad ians )  subtended 
above the s u r f a c e  horizon 

angle  ( r ad ians )  between the cen t ro id  of the  apparent  d i s k  
and the cen te r  of the e a r t h  

angle  between c e l e s t i a l  and s u r f a c e  meridians a t  the pro- 
bable  r a d i a n t  

v i  
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MEASUREMENT RELATIONSHIPS FOR PEGASUS-TYPE METEOROID EXPERWNTS 

SUMMARY 

I n  Pegasus-type meteoroid measurement s a t e l l i t e  experiments,  where 
v e h i c l e  a t t i t u d e  information is a v a i l a b l e  without  information about  the  
meteoroid c los ing  v e l o c i t y  vec to r ,  the probable  r a d i a n t  and the puncture 
f l u x  enhancement f a c t o r  f o r  spo rad ic  meteors should be  based on the  
assumption t h a t  v e l o c i t y  vec to r s  f o r  ambient meteoroids a r e  i s o t r o p i c a l l y  
d i s t r i b u t e d .  
f l a t  t ransducer  are  more than 45 degrees from the normal, those w i t h i n  
45 degrees  puncture  t h r e e  times more e f f e c t i v e l y  than the o t h e r s ,  and 
h a l f  of t he  punctur ing meteoroids a r e  less than 33.5 degrees from t h e  
normal when t h e  e a r t h  is below the su r face  horizon.  This  d i s t r i b u t i o n  
a l s o  impl ies  t h a t  t he  f l u x  of puncturing meteoroids is f i v e  times g r e a t e r  
than t h e  f l u x  of i n c i d e n t  meteoroids wi th  mass equal  t o  o r  g r e a t e r  than  
t h e  mass of the almost-puncturing meteoroid w i t h  the  average va lues  
of d e n s i t y ,  v e l o c i t y ,  and i m p a c t  angle.  

Then, a l though h a l f  o f  the meteoroids which impact on to  a 

The formulas f o r  .the ce les t ia l  coordinates  of t h e  probable r a d i a n t  
of a punctur ing meteoroid have been corrected f o r  ea r th - sh ie ld ing .  This  
c o r r e c t i o n  is important near  t he  e a r t h  even under nominal circumstances;  
e.g., when the  o r b i t  he igh t  is 500 k i lometers ,  t he  r ad ius  of t he  e a r t h ' s  
e f f e c t i v e  d i s k  (as seen  from t h e  v e h i c l e )  is  70 degrees .  
when t h e  e l eva t ions  of t he  earth's center  a r e  0, 15,  30, 45, and 60 
degrees the  probable r a d i a n t s  a r e  de f l ec t ed  5, 10, 20, 39, and 80 degrees ,  
r e s p e c t i v e l y ,  by the  ea r th - sh ie ld ing  e f f e c t .  

I n  t h a t  case ,  

I. INTRODUCI'ION 

A .  Purposes 

The main purpose of t h i s  a n a l y s i s  i s  t o  show how a t t i t u d e  
information f o r  a Pegasus-type meteoroid puncture counting s a t e l l i t e  
can be used t o  i n f e r  the probable r a d i a n t  of a punctur ing meteoroid even 
when t h e  e a r t h  p a r t i a l l y  obscures the  c e l e s t i a l  hemisphere t o  which the  
puncture  t ransducer  s u r f a c e  is exposed. A secondary purpose p r e r e q u i s i t e  
t o  the  main purpose i s  t h e  d e r i v a t i o n  of the  p r o b a b i l i t y  d e n s i t y  func t ion  
f o r  t h e  angle  of impact of a puncturing meteoroid.  
secondary purpose is a more accu ra t e  determinat ion of the puncture f l u x  
enhancement f a c t o r ;  i . e . ,  i f  a p a r t i c u l a r  s h e e t  of m a t e r i a l  i s  j u s t  
puncturable  by a meteoroid of mean dens i ty ,  mean v e l o c i t y ,  me,an i m p a c t  
ang le ,  and mass E, then the mean f l u x  of punctur ing meteoroids exceeds 
the  mean f l u x  of i n c i d e n t  meteoroids with mass equal  t o  o r  g r e a t e r  than 
fi by Bs order  of magnitude [ l] .  The more a c c u r a t e  de te rmina t ion  of BS 
is a secondary purpose of t h i s  ana lys i s .  

A biproduct  of the  



B. Methods and Assumptions 

I n  most of t h i s  a n a l y s i s ,  i t  is no t  necessary t o  know the  t r u e  
mean value of parameters such a s  the  logarithms of t he  c los ing  v e l o c i t y  
and the  ma te r i a l  d e n s i t y  p of the  meteoroids,  b u t  only the v a r i a t i o n  wi th  
r e s p e c t  t o  the  unknown t r u e  mean. A l l  ind ica ted  logari thms a r e  t o  base 
t en .  The following assumptions seem appropr ia te :  

1. A l l  puncturing meteoroids a r e  considered t o  e n t e r  c i s l u n a r  
space from ou t s ide  the earth-moon sys  tem wi th  apprec i ab le  v e l o c i t y .  
Meteoroid geocen t r i c  v e l o c i t y  a t  any p o i n t  i n  c i s l u n a r  space is  s u f -  
f i c i e n t l y  higher  than v e h i c l e  o r b i t a l  v e l o c i t y  t h a t  i t  is e s s e n t i a l l y  
the  c los ing  v e l o c i t y .  The logari thm of v e l o c i t y ,  v ,  when v is i n  kilom- 
e t e r s  per second, f o r  t he  populat ion of i nc iden t  meteoroids ,  i s  essen-  
t i a l l y  normally d i s t r i b u t e d  wi th  mean and s tandard d e v i a t i o n  given by 
equations (1) and (2), r e s p e c t i v e l y  [l]. 

log ii = log 26.7 = 1.43, (1 1 

U = 0.18. log v 

2. Most of the  puncturing meteoroids i n  Pegasus-type exper i -  
ments a r e  d u s t  b a l l s  ins tead  of having the  more s u b s t a n t i a l  s t r u c t u r e  
of meteor i tes .  Although the  mean d e n s i t y ,  p , f o r  t he  populat ion of 
d u s t b a l l  meteoroids is  known only t o  wi th in  E f a c t o r  two probable e r r o r ,  
the  logarithm of dens i ty ,  pp, where t h e  d e n s i t y  is i n  grams per  cubic  
cent imeter ,  f o r  t he  populat ion of i nc iden t  meteoroids ,  can be considered 
t o  be normally d i s t r i b u t e d  wi th  mean and s tandard  dev ia t ion  given by 
equations (3) and (4) , r e s p e c t i v e l y ,  [l]. 

log bp = log 0.44 rt 0.30 = - 0.35 0.30, (3) 

U = 0.44. 
1% Pp 

3. It is assumed t h a t  the  puncture t ransducers  a r e  exposed t o  
a c e l e s t i a l  hemisphere, and t h a t  the  probable r a d i a n t  of t he  v e l o c i t y  
v e c t o r  of a puncturing meteoroid i s  determined wi th  s u f f i c i e n t  accuracy 
by neglect ing any sys temat ic  v a r i a t i o n s  i n  meteoroid phys ica l  o r  s t a t i s -  
t i c a l  parameters over that p a r t  of t he  apparent  c e l e s t i a l  hemisphere 
which i s  no t  subtended by the  e a r t h .  Most of t he  punctures  a r e  expected 
t o  be from sporadic  meteors r a t h e r  than from s t ream meteoroids [ l ] ;  b u t  

2 



t h e  known occurrence of a major meteor stream is a n  except ion  t o  the  
i s o t r o p i c  f l u x  which is  otherwise assumed. I f  a puncture  is concurrent  
w i t h  a wel l -def ined meteor s t ream wi th  unobstructed r a d i a n t  w i th in  the  
median ang le  of dev ia t ion  from the  su r face  normal r a d i a n t ,  then the  
probable r a d i a n t  should be  considered t o  be that of the  concurrent  
meteor stream. 

4 .  A t  any p a r t i c u l a r  d i s t ance  from the  s u r f a c e  of the  e a r t h ,  
t he  mean f l u x ,  F,, of meteoroids per  u n i t  a r e a  p e r  u n i t  t i m e  w i t h  mass 
equal  t o  o r  g r e a t e r  than m grams is  considered t o  be a n  exponent ia l  
func t ion  of  mass m; i .e . ,  [ l l ,  

where p6 is  a cons tan t .  
suggested as a c r i t e r i o n  f o r  cu r ren t  purposes by Dalton [ l ] ,  p2 is g iven  
as a func t ion  of d i s t a n c e  from the  su r face  of the  e a r t h  wi th  range 
-1.34 5 p2 5 - 1 i n  c i s l u n a r  space and w i t h  an e f f e c t i v e  va lue  of -1.23 
f o r  the o r b i t  of the Pegasus-A meteoroid d e t e c t i o n  s a t e l l i t e .  
mine the  d i s t r i b u t i o n  of the  angle  of impact, x ,  f o r  t he  populat ion of 
punctur ing meteoroids,  the numerical va lue  of p2 f o r  the  Pegasus-A m i s -  
s i o n  w i l l  be  assumed throughout c i s luna r  space; i . e . ,  

I n  a model fo r  c i s l u n a r  meteoroid impact r e c e n t l y  

To d e t e r -  

5. In  Dal ton 's  [2]  model fo r  t he  puncture of a homogeneous 
m e t a l l i c  w a l l  by hyperve loc i ty  impac t  of a s p h e r i c a l  p r o j e c t i l e ,  the 
r e l a t i o n  between the  minimum s u f f i c i e n t  mass, m, of the  p r o j e c t i l e ,  
i t s  v e l o c i t y ,  v ,  and the  angle  of impact, x ,  can be expressed as 

l o g  m = 1.9 + log(p3ptHt) - (3 /2) ( log  v + l og  COS x) - log pp, 

where p i s  the  d e n s i t y  of the p r o j e c t i l e  and where pt, Ht, and p are 
the  dengi ty ,  hardness i n  B r i n e l l  u n i t s ,  and th ickness  i n  cent imeters ,  
r e s p e c t i v e l y ,  f o r  t he  punctured w a l l .  Equation (7) is used i n  the  
preseiit ai ia?yals  snly ir! the de r iva t ion  of t he  d i s t r i b u t i o n  of the 
ang le  of impact, x, f o r  the  population of punctur ing meteoroids.  

3 



6 .  Under c o n t r a c t  number NAS7-219 t o  the  Mart in-Mariet ta  
Corporation f o r  a survey and m u l t i v a r i a t e  a n a l y s i s  of a v a i l a b l e  labora-  
t o r y  hyperve loc i ty  impact d a t a ,  Reismann, Donahue and B u r k i t t  [ 3 ]  found 
t h a t  i n  the  h i g h e s t  of t h r e e  v e l o c i t y  regimes the  mul t ip l e  c o r r e l a t i o n  
c o e f f i c i e n t  i s  n e a r l y  maximized ( t o  0.989) by r ep resen t ing  the r e l a t i o n  
between p r o j e c t i l e  and t a r g e t  parameters f o r  impact a t  normal incidence 
as follows: 

p,/d = 2 . 5 ( ~ / C ~ ) ' . ~ '  (E/Et)"'jl ( v / v ~ ) ~ ' ~  ( c / E ~ ) ' * ~ ' ~ ,  (8) 

where 

po = crater depth  

d = p r o j e c t i l e  d i a m e t e r  

v = c los ing  v e l o c i t y  i n  k i lometers  per  second 

t = target  s u b s c r i p t  

Ct = bulk v e l o c i t y  of sound i n  k i lometers  per  second 

E = x Young's modulus, kilograms p e r  square  cent imeter  

E = d u c t i l i t y ,  percent  e longat ion  i n  2-inch gauge l eng th  a t  f r a c t u r e  

v = Poisson ' s  r a t i o .  

The exponents i n  equat ion  (8) a r e  the r e s u l t  of  some rounding o f f  of  
decimals i n  the publ ished [ 3 ]  values .  The r e l a t i o n  between the th ick-  
nes s ,  P, of a puncturable  s h e e t  and c ra te r  depth ,  po,  i n  a t h i c k  t a r g e t  
has been created a n a l y t i c a l l y  by Andriankin and Stepanov [ 4 ]  and by 
Herrmann and Jones [ 5 ]  and s t o c h a s t i c a l l y  by Dalton [ 2 ,  61. The r e s u l t s  
a re  problematical ;  b u t  f o r  meteoroid impact, the fol lowing r e l a t i o n  
would seem t o  be the  most appropr i a t e  assumption; 

p = 1.59 Po. (9) 

Dal ton [ l]  showed t h a t  when equat ions ( l ) ,  ( 3 )  and (9)  a re  assumed f o r  
meteoroids,  the compa t ib i l i t y  of equat ions ( 7 )  and (8) f o r  aluminum 
2024-T3 implies  tha t  the mass, iii, - of a meteoroid wi th  mean log dens i ty  
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( log  Fp = log 0.44), mean log v e l o c i t y  ( log  
impact ang le  (E2 = ~ / 4 )  - which w i l l  j u s t  puncture a p a r t i c u l a r  m e t a l l i c  
w a l l  is 

= l og  26.7), and mean 

It is assumed t h a t  equat ion (10) is super ior  t o  equat ion  (7) f o r  those 
purposes where it can be used; however, t he  exponent "3" and consequently 
a l s o  the  exponent "10.985" i n  equat ion (10) a re  problemat ica l  f o r  m e t e -  
o ro id  impact, as we l l  as t he  corresponding va lues  i n  equat ion  (7), and 
should be  t r e a t e d  as unknown cons tan ts ,  s a y  k, and k,, r e s p e c t i v e l y ,  
when i n c i d e n t  f l u x  parameters (p6 and p2 i n  equat ion  (5) )  are  t o  be 
i n f e r r e d  from puncture f l u x  parameters [ 7 ]  ( see  Sec t ion  I1 below). 

11. RELATION BETWEEN PARAMETERS FOR IMPACT AND PUNCTURE FLUXES 

Corresponding t o  the  meteoroid impact f l u x ,  Fs, i n  equat ion (5), 
t h e r e  w i l l  be a puncture f l u x ,  @, per  u n i t  a r e a  per  u n i t  t i m e ,  through 
a p a r t i c u l a r  exposed w a l l  o r  d i s t r i b u t e d  puncture t ransducer ,  which can 
be represented  by 

where p6 and p2 a r e  the same constants  used i n  equat ion  (5) t o  express  
the  i n c i d e n t  (or  impact) f l u x ,  F,, the c o n s t a n t ,  ps, is the  
logar i thm of the  puncture f l u x  enhancement f a c t o r  t o  be der ived i n  
Sec t ion  IVY and 5 is the  nominally puncturable meteoroid mass which is 
now predic ted  by the  improvised equat ion (10). 

By the  sugges t ion  a t  t h e  end of Sec t ion  I about  t he  problemat ica l  
exponents i n  equat ion  ( l o ) ,  an expression f o r  6 a l t e r n a t i v e  t o  equat ion  
(10) is 

where k, and k, are unknown funct ions of t he  p r o j e c t i l e  material and 
dynamic c h a r a c t e r i s t i c s  , to  be determined for m2tcsr~ids b>r s ~ t e l l  I t e  
experiments,  and where k, is a funct ion of the  t a r g e t  material param- 
e ters  as fol lows:  

k2 = 0.50 log  Ct + 1.31 log Et  + 8.0 log  vt + 0.43 log  c t .  (13) 
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By equat ions (11) and (12), one can w r i t e  the fol lowing r e l a t i o n  
between log @ and (k, + log  p ) ,  both of which (by e q u a t i o n - ( l 3 ) )  have 
known values  f o r  each of the  puncture t ransducers  of d i f f e r e n t  material 
and e f f e c t i v e  thickness  i n  the  Pegasus-type f l i g h t  experiments: 

Dalton's [l] c a l c u l a t i o n s  f o r  the  Explorer  X V I  s a t e l l i t e  imply 
-5.417 and -5.697 f o r  log @ f o r  the  1 - m i l  and 2-mil puncture  senso r s ,  
r e spec t ive ly ,  and -6.175 and -5.904 f o r  (k2 + log p)  f o r  t he  same 
re spec t ive  senso r s .  The 2-point s o l u t i o n  t o  equat ion  (14) f o r  the 
Explorer  X V I  r e s u l t s  would t h e r e f o r e  be  

(15) log  @ =  -11.80 - 1.033 (k, + log P ) .  

The r e s u l t i n g  s lope  i n  equat ion (15) would imply by equat ion  (14) t h a t ,  
i f  3 were the  c o r r e c t  va lue  of k3, then the va lue  f o r  p2 would be -0.344. 
The va lue  of p2 which Hawkins and Upton [8]  found f o r  photographic meteors 
is  -1.34; and by Dal ton 's  [ l ]  model t he  e f f e c t i v e  va lue  of 8, f o r  the  
Explorer  SVI o r b i t  would be -1.20. 

Ext rapola t ion  of the  puncture r e s u l t s  f o r  Explorer  XVL by equat ion  
(15) would i n d i c a t e  a higher  puncture r a t e  f o r  t h i c k e r  s t r u c t u r e s  than  
one would want t o  a n t i c i p a t e  f o r  des ign  purposes wi thout  v e r i f i c a t i o n  
by f u r t h e r  Pegasus-type experiments.  The r e s u l t s  i n  equat ion  (15) a r e  
no t  e s t ab l i shed  wi th  much confidence because the  numbers of punctures  
(44 and 11 f o r  the  1 - m i l  and 2-mil s enso r s ,  r e s p e c t i v e l y )  are s ta t i s -  
t i c a l l y  small samples, e s p e c i a l l y  when the extreme d i v e r s i t y  of t h e  
populat ion of i nc iden t  meteoroids is considered.  More p e r t i n e n t l y ,  one 
should a n t i c i p a t e  that the r e l a t i o n  between log@and  (k2 + log p) i n  
equat ion  (14) may not  be l i n e a r .  

A s u f f i c i e n t l y  accu ra t e  va lue  f o r  p5 w i l l  be der ived  i n  Sec t ion  I V ;  
bu t  t h i s  leaves more unknowns (4) i n  equat ion  (14) than  condi t ions  ( 2 )  
which can be appl ied  toward t h e i r  de te rmina t ion  from Pegasus-type da ta .  
I f  values  f o r  p6 and p2 can be assumed -from the  s t a t i s t i c s  and phys ica l  
theory of meteors ,  then the  meteoroid impact parameters k, and k3 can 
be found as  cons tan ts  ( i f  equa t ion  (14) is l i n e a r )  o r  as func t ions  of 
(k, + log  p )  ( i f  equat ion (14) is non l inea r ) .  But, because the  impact 
parameters k, and k3 a r e  no t  known, i t  is no t  even poss ib l e  t o  determine 
the va lue  of ob i n  equat ion  (14) by assuming a va lue  f o r  p2, o r  v i c e  
ve r sa .  Therefore,  by equat ions ( 5 ) ,  (ll),  ( 1 2 ) ,  and (14),  i t  fol lows 
t h a t  t he  nominally minimum s u f f i c i e n t  mass f o r  punctur ing meteoroids 
cannot be determined from Pegasus-type da ta  a lone ,  un less  the i n c i d e n t  
f l u x ,  cumulative wi th  r e s p e c t  t o  mass, is known as a func t ion  of the  mass. 
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111. DISTRIBUTION OF ANGLE OF IMPACT FOR INCIDENT METEOROIDS 
ISOTROPICALLY FROM AN APPARENT HEMISPHERE ONTO A PLAIN OR CONVEX SURFACE 

Pegasus-type experiments g ive  s a t e l l i t e  a t t i t u d e  and punctured senso r  
i d e n t i f i c a t i o n  a t  each meteoroid puncture event  ( see  Reference 9 f o r  a 
d i scuss ion  of t h e  Pegasus-A experiment). This informat ion  can be used 
to  determine the  c e l e s t i a l  l a t i t u d e ,  &, and ce les t ia l  longi tude ,  &, 
of the  r a d i a n t  of t h e  normal t o  the punctured s u r f a c e ,  t he  corresponding 
ce les t ia l  coord ina tes  ($ ,Ap)  f o r  t h e  cen te r  of t h e  e a r t h  (as seen  from 
the  punctured s a t e l l i t e ) ,  and the  angular  r a d i u s  8 of t he  e a r t h ' s  e f f e c t -  
ive meteoroid encounter c ross  s e c t i o n  seen from the s a t e l l i t e ;  i . e . ,  
approximately,  

8 = sinm1 [ (re + 1 0 0 ) / r ]  , 

where r is t h e  geocen t r i c  r a d i a l  d i s t ance  of the  sa te l l i t e  i n  k i lometers  
and re i s  the  r a d i u s  of t he  e a r t h  i n  k i lometers .  
p r o b a b i l i t y  d i s t r i b u t i o n  of the  r ad ian t s  of i nc iden t  meteoroids is assumed, 
and when the r e l a t i o n  between the  p r o b a b i l i t y  d i s t r i b u t i o n s  of the  angles  
of impact of i nc iden t  meteoroids and of punctur ing meteoroids is e s t ab -  
l i shed  (see Sec t ion  V) ,  the  c e l e s t i a l  coord ina tes  (&,,&) of the  probable 
r a d i a n t  of the  punctur ing meteoroid can be determined as func t ions  of 
t h e  va lues  of &, An, $, hp, and 8 a t  t h e  t i m e  of puncture.  I n  t h i s  
manner, any l a r g e  sample of punctures w i l l  g i v e  a d i s t r i b u t i o n  of pro- 
bable  r a d i a n t s ,  a l though the  r e s u l t i n g  d i s t r i b u t i o n  may be somewhat more 
widely d ispersed  than the  unknown populat ion of t r u e  r a d i a n t s .  

Therefore ,  when the  

The d i s p e r s i o n  of the  probable r ad ian t s  of t he  punctur ing meteoroids 
i n  Pegasus-type experiments has two spurious components because of some 
u n c e r t a i n t y  i n  the  s a t e l l i t e  a t t i t u d e  information and because the  mete- 
oro id  v e l o c i t y  vec to r  i n  on-board coordinates  i s  not  measured bu t  must 
be i n f e r r e d  p r o b a b i l i s t i c a l l y .  Nevertheless ,  the  r e s u l t i n g  information 
is of cons iderable  i n t e r e s t  because the o t h e r  t h r e e  sources  of such 
information a re  somewhat problematical  and they involve  d i f f e r e n t  ranges 
of meteoroid mass than t h a t  f o r  which Pegasus-type experiments have been 
designed. One such source  of information is the  i n t e r p r e t a t i o n  of 
i sophotes  of zodiaca l  l i g h t  from small d u s t  p a r t i c l e s  i n  i n t e r p l a n e t a r y  
space. Other in ferences  can be attempted from the d i s t r i b u t i o n  of t he  
o r b i t s  of comets and f rom the e f f e c t  of t he  combined a c t i o n  of s e v e r a l  
phys i ca l  processes  on the d e b r i s  from d i s i n t e g r a t i n g  comets. 
i n t e n s i v e  s t u d i e s  of the d i s t r i b u t i o n  of meteoroid r a d i a n t s  have been 
based on the v i s u a l ,  photographic,  and r a d i o  meter data; b u t  s eve ra l  
sources  of obse rva t iona l  b i a s  complicate these  ana lyses  and may p r e -  
j u d i c e  the  r e s u l t s .  

More 

7 



Without s p e c i f i c  con t r a ry  information,  one could assume that the  
d i s t r i b u t i o n  of t h e  c los ing  v e l o c i t y  vec to r s  is  i s o t r o p i c  and the re fo re  
t h a t  the p r o b a b i l i t y  d e n s i t y  f o r  meteor r a d i a n t s  i s  uniformly d i s t r i b u t e d  
over the exposed c e l e s t i a l  hemisphere. Then the p r o b a b i l i t y  d e n s i t y  
func t ion  f ( p e )  for the  c e l e s t i a l  l a t i t u d e  Be of the  r a d i a n t s  i n  the 
i n t e r v a l  0 5 pe S rc/2 would be cos Be; and, by i n t e g r a t i o n ,  the  mean 
(expected va lue )  and median f o r  Be would be (n/Z - 1) a n d  z/6 rad ians  
(32.7 and 30.0 degrees) ,  r e spec t ive ly .  

Lovell 's  [ l o ]  r e s u l t s  f o r  the d i s t r i b u t i o n  of spo rad ic  v i s u a l  
meteors ,  cor rec ted  f o r  horizon z e n i t h  a t t r a c t i o n  and t w i l i g h t  e f f e c t s ,  
have been i n t e r p r e t e d  by Davison and Winslow [11] t o  i n d i c a t e  t h a t  
approximately ha l f  of the spo rad ic  meteoroids have o r b i t a l  i n c l i n a t i o n s  , 
i, wi th in  415 degrees from the e c l i p t i c .  (Orbi t  i n c l i n a t i o n ,  i, i n  the 
i n t e r v a l  0 S i 5 rcf2, and r a d i a n t  c e l e s t i a l  l a t i t u d e ,  Be, a r e  p r a c t i c a l l y  
interchangable  here . )  But the  masses of the  meteoroids had t o  be s u f -  
f i c i e n t  f o r  d u p l i c a t e  v i s u a l  observat ions (see Love l l ' s  [ l o ]  d e s c r i p t i o n  
of P ren t i ce ' s  technique f o r  v i s u a l  meteors ) ,  and t h e r e f o r e  seve ra l  o rders  
of magnitude higher  than the l a r g e s t  m a s s  one can p r a c t i c a l l y  expect  t o  
d e t e c t  i n  Pegasus-type experiments.  (By Dal ton ' s  [ l ]  a n a l y s i s ,  the  1.5, 
8, and 16-mil puncture sensors  on Pegasus-A a r e  thought t o  be nominally 
puncturable by meteoroids of 
r e spec t ive ly . )  Then, by Hawkins [12] models f o r  the d i s t r i b u t i o n s  of 
meteoroids of cometary o r i g i n  (most of those encountered i n  Pegasus-type 
experiments) and of a s t e r o i d a l  o r i g i n ,  the  2-observer v i s u a l  meteor 
sample might be expected t o  have angles  of i n c l i n a t i o n ,  i, d i s t r i b u t e d  
somewhat more l i k e  the a s t e r o i d s .  Al len  [13] g ives  the  a r i t h m e t i c  mean 
f o r  the i n c l i n a t i o n  of the  o r b i t s  of t he  a s t e r o i d s  as approximately 
10 degrees.  

and 10-4.98 gram, 

Assuming a n  i s o t r o p i c  d i s t r i b u t i o n  of the  r a d i a n t s  of meteoroids 
(encountered by an observer  i n  o r b i t  about  t h e  sun)  is not  equ iva len t  
t o  assuming completely randomly d i s t r i b u t e d  meteoroid o r b i t s  (with 
i n c l i n a t i o n ,  i, i n  the  i n t e r v a l  0 5 i 5 d 2 ) .  Briggs [14] ind ica t e s  
t h a t  s i n  i would be the  p r o b a b i l i t y  d e n s i t y  func t ion  f o r  the  i n c l i n a -  
t i o n ,  i, of completely random o r b i t s  (with a l l  meteoroids considered,  
i . e . ,  not j u s t  those de tec ted  by a moving observer ) .  Then, by in t eg ra -  
t i o n ,  the mean (expected va lue )  of i would be one r a d i a n  (57.3 degrees) .  

A completely random d i s t r i b u t i o n  of o r b i t s  may be ind ica ted  f o r  
long period comets; b u t  the  d e b r i s  from the d i s i n t e g r a t i o n  of comets 
may have o r b i t s  which a r e  d i s t r i b u t e d  less randomly. Davison and 
Winslow [15] desc r ibe  t h i s  s i t u a t i o n  as fol lows:  "The zodiacal  d u s t  
p a r t i c l e s  a r e  thought t o  be more h ighly  concent ra ted  i n  the  plane of 
the  e c l i p t i c .  They have two components of d r i f t  as they o r b i t  the sun, 
one toward the plane of the  e c l i p t i c  and one toward the  sun [16].  The 
d r i f t  toward the plane of t he  e c l i p t i c  r e s u l t s  from the  a t t r a c t i o n  of 
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the  p l ane t s .  The d r i f t  o r  s p i r a l i n g  i n  toward the  sun is a r e s u l t  of ... 
the  Poynting-Robertson e f f e c t  (Love11 [ lo ]  and Wyatt and Whipple [ 1 7 ] )  .I1 

By e s t a b l i s h i n g  isophotes  of the zodiacal  l i g h t  and i n t e r p r e t i n g  
them i n  r e l a t i o n  t o  the  Poynting-Robertson e f fec t  and d a t a  from observed 
meteors ,  Briggs [14] found t h a t  the  p r o b a b i l i t y  d e n s i t y  func t ion  f (i) 
f o r  meteoroid o r b i t  i n c l i n a t i o n ,  i, (0  S i 5 x/2) is 

f ( i )  = (1.66 - 0.66i)  s i n  i, f o r  aphel ion  > 6.6 astronomical  u n i t s  

- 6 i  = 37e s i n  i, f o r  aphel ion  5 6.6 astronomical  u n i t s .  

Then, by i n t e g r a t i o n ,  t he  mean (expected va lue )  of t he  i n c l i n a t i o n ,  i, 
of the  o r b i t  of any high-aphelion p a r t i c l e s  (whether o r  no t  encountered 
by a moving observer )  would be  1.66 - 0.66 (x - 2)  = 0.907 rad ians  
(52 'degrees).  The corresponding mean i f o r  low-aphelion p a r t i c l e s  
would be 12/37 rad ians  (18.6 degrees) .  I n  this a n a l y s i s ,  Briggs ind ica ted  
t h a t  p a r t i c l e s  i n  t h e  1 t o  50 micron range play the  dominant r o l e  i n  the  
zodiaca l  l i g h t ;  and Ehricke [18] says t h a t ,  according t o  Takakubo, t h e  
r ad ius  of t he  p a r t i c l e s  most e f f e c t i v e  i s  about  20 microns.  Also,  by 
the  r e l a t i o n  which Briggs ind ica ted  between p a r t i c l e  r ad ius  and material 
dens i ty ,  a s p h e r i c a l  p a r t i c l e  w i th  a rad ius  of 20 microns would have a 
mass of grams. 

The au tho r  has n o t  y e t  completed h i s  a n a l y s i s  of t he  285 photographic 
meteom common t o  the  two t a b l e s  of data  f o r  random samples  of spo rad ic  
meteors publ ished i n  1958 and 1961 by Hawkins and Southworth [19, 201. 
Some pre l iminary  r e s u l t s  were given i n  Reference 1; e .g . ,  t h e  s a m p l e  
range f o r  meteoroid mass, m, i n  grams (above the atmosphere) is  

5 m s lo1*', w i t h  a mean f o r  log m of -1.0. Figure 1 shows t h e  
cosmical ly  weighted cumulative d i s t r i b u t i o n  of c e l e s t i a l  l a t i t u d e ,  Be, 
wi th  an  a r i t h m e t i c  median Be of 25 degrees f o r  t he  p o s i t i v e  values  of 
pe. A s t e r i s k  and c i r c l e  po in t s  i n  Figure 1 r e p r e s e n t  p o s i t i v e  and 
negat ive  va lues  of pe, r e spec t ive ly .  
ing  each meteor da tum by 

Figure 1 was  obtained by weight- 

where is the  meteor he igh t  above sea l e v e l  .. a t  the poin t  of maximum 
b r i l l i a n c e ,  v is the d o s i n g  v e i o c i t y ,  B is OpL'ti's (sse.WhLpp?e [311\ '---A/ 

p r o b a b i l i t y  t h a t  a meteoroid i n  a given o r b i t  w i l l  encounter the  e a r t h  
dur ing  one r evo lu t ion  of the  p a r t i c l e ;  f f  is the r e c i p r o c a l  of the 
apparent  f r a c t i o n  of t he  c i r c l e  of c e l e s t i a l  l a t i t u d e  through the  
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meteor r a d i a n t ,  e is the  base  of na tu ra l  logari thms,  Z is the meteor 
z e n i t h  ang le  i n  radians,  and s is  a cons tan t  s c a l e  f a c t o r  which r e s t o r e s  
e q u a l i t y  between the  sample s i z e  and the sample sum of the  weighting 
func t ions .  The cons tan t ,  -0.18, .in the z e n i t y  ang le  weighting f a c t o r  
i n  equat ion  (17)  w a s  chosen t o  minimize t h e  sum of  the  squares  of t he  
d i f f e r e n c e s  between the cumulative d i s t r i b u t i o n s  f o r  p o s i t i v e  and 
negat ive  pe below 42 degrees i n  Figure 1. 
f a c t o r  is a n  approximate a l t e r n a t i v e  t o  weight ing w i t h  respect t o  
meteor c e l e s t i a l  longi tude . )  
r e s u l t s  i n  Figure 1 may be changed by d e l e t i n g  Opik's e a r t h  encounter 
p r o b a b i l i t y ,  P ,  from the  weighting func t ion ,  f (equat ion (17) ) ;  b u t  
t he  corresponding r e s u l t s  would be  more a p p r o p r i a t e  f o r  the  p re sen t  
cons ide ra t ion  (observer s u b j e c t  t o  t h e  e a r t h ' s  o r b i t a l  motion).  

(The z e n i t h  ang le  weight ing 

It i s  not y e t  known t o  what e x t e n t  t he  

In  a n  a n a l y s i s  of the d i s t r i b u t i o n  of spo rad ic  r a d i o  meteor r a d i a n t s  
co r rec t ed  f o r  antenna s e l e c t i v i t y ,  E l ford ,  Hawkins, and Southworth [ 2 2 ]  
show contour diagrams of r a d i a n t  dens i ty  over  t he  ce les t ia l  sphere,  f o r  
each of t h e  f i r s t  e i g h t  months of 1962. Also they show corresponding 
r e s u l t s  f o r  the, e n t i r e  per iod both before  and a f t e r  c o r r e c t i o n  f o r  
v e l o c i t y  s e l e c t i o n  e f f e c t s .  The monthly mean r e s u l t s ,  no t  cor rec ted  
f o r  v e l o c i t y  s e l e c t i o n  e f f e c t s ,  show much s h i f t i n g  of t h e  contour diagrams 
of r a d i a n t  d e n s i t y  from month t o  month. 
per iod  undergo major changes when cor rec ted  f o r  v e l o c i t y  s e l e c t i o n  
e f f e c t s ;  e .g . ,  t he  concent ra t ion  of r a d i a n t s  around the apex of the  
earth's way d isappears ,  and the  previously supposed s c a r c i t y  of r a d i a n t s  
near  t h e  a n t i p e x  becomes ques t ionable .  Correc t ion  f o r  v e l o c i t y  s e l e c -  
t i o n  e f f e c t s  is important f o r  t he  present  purpose because the  i n c i d e n t  
f l u x  of r a d i o  meteors is p ropor t iona l  t o  t he  4p2 power of t he  v e l o c i t y  
[22]; whereas, puncture f l u x  through a g iven  s t r u c t u r e  i s  thought t o  
be p ropor t iona l  t o  the  1.5p2 power of t he  v e l o c i t y  [l]. The p a r a m e t e r  
p2 is  the  s l o p e  of log  Fs as a funct ion of  log m y  and is thought t o  
have an  e f f e c t i v e  va lue  between -1.34 [8] and -1.0 [22] f o r  meteor da t a .  

The mean r e s u l t s  f o r  t he  e n t i r e  

The main f e a t u r e s  of t h e  prel iminary r e s u l t s  f o r  t h e  mean r a d i a n t  
d i s t r i b u t i o n  of spo rad ic  r a d i o  meteors,  cor rec ted  f o r  v e l o c i t y  and o t h e r  
s e l e c t i o n  e f f e c t s ,  a re  t h a t  r a d i a n t s  a r e  more densely concentrated near  
t h e  sun and a n t i s u n  d i r e c t i o n s  (about rt80 degrees  l a t i t u d e  from the apex 
of t h e  e a r t h ' s  way) and t h a t  r a d i a n t  dens i ty  decreases  by a f a c t o r  of 
about  t h r e e  w i t h i n  about  25 degrees from the  c e n t e r  of each of t he  two 
main concent ra t ions .  E l fo rd ,  Hawkins, and Southworth [22]  i n d i c a t e  that  
these  r e s u l t s  a r e  f o r  meteoroids wi th  mass n o t  less than 1 . 3  x grams. 

The d i s p e r s i o n  i n  the  s a m p l e  of probable r a d i a n t s  from Pegasus-type 
experiments w i l l  have a sljurious component due t o  any e r r o r  i n  the d i s -  
t r i h u t i n n  n f  r a d i a n t s  which must be assumed i n  determining each of the  
probable  r a d i a n t s .  It would be p r o h i b i t i v e l y  ted ious  t o  apply a d i s -  
t r i b u t i o n  w i t h  i n t r i c a t e  v a r i a t i o n s  with r e s p e c t  t o  c e l e s t i a l  coord ina tes  
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and season of the  year.  
c e l e s t i a l  l a t i t u d e ,  i t  is  not  apparent  from the d i scuss ion  s o  f a r  i n  
t h i s  s ec t ion  that  any improvement over t he  i s o t r o p i c  d i s t r i b u t i o n  could 
be  found. Therefore ,  f o r  s i m p l i c i t y  and because the  r a d i a n t  a c t i v i t y  
w i t h i n  t60 degrees from the  a n t i s u n  is  not  y e t  e s t a b l i s h e d  wi th  cor- 
r e c t i o n s  for v e l o c i t y  s e l e c t i o n  e f f e c t s  f o r  r a d i o  meteors ,  any v a r i a -  
t i o n s  i n  t he  d i s t r i b u t i o n  of r a d i a n t s  w i t h  r e s p e c t  t o  c e l e s t i a l  longi tude  
w i l l  be ignored a l s o  i n  the  r e s t  of t h i s  a n a l y s i s .  

For any d i s t r i b u t i o n  wi th  respect only t o  

P a r t i c l e s  i n c i d e n t  i s o t r o p i c a l  l y  from a n  exposed hemisphere onto  
a n  element of a plane s u r f a c e  g ive  a s i n  2x2 p r o b a b i l i t y  d e n s i t y  func t ion  
f o r  the  angle  of impact, x2, wi th  r e s p e c t  t o  the  normal; i .e. ,  

f (x2) = s i n  2x2. (18) 

This r e s u l t  (equat ion (18)) is ev iden t  i n t u i t i v e l y  because that f r a c t i o n  
of the  c e l e s t i a l  hemisphere which con t r ibu te s  r ad ian t s '  w i th in  the  angular  
increment, dx2, varies as s i n  x2, and the p r o j e c t i o n  of t he  element of 
area onto the  plane normal t o  any r a d i a n t  d i r e c t i o n  v a r i e s  as cos x2. 
Then, by i n t e g r a t i o n ,  both the  mean and the  median f o r  t he  angle  of 
impact,  x2, f o r  a l l  meteoroids inc iden t  i s o t r o p i c a l l y  onto a plane s u r -  
f a c e ,  a r e  equal  t o  rr/4 rad ians .  

IV. PUNCTURE FLUX ENHANCEMENT FACTOR 

Equation (7 )  g ives  the  logari thm of meteoroid mass, m, as a l i n e a r  

But, i n  Sec t ion  I, log v and log p a r e  descr ibed as e s s e n t i a l l y  
func t ion  of t h e  logari thms of impact v e l o c i t y ,  v ,  and meteoroid d e n s i t y ,  

normally d i s t r i b u t e d  and s t a t i s t i c a l l y  independent random v a r i a b l e s .  
Then log m i n  equat ion ( 7 )  is a normally d i s t r i b u t e d  random v a r i a b l e  
w i t h  mean and va r i ance ,  by equat ions (1) through ( 4 ) ,  as fol lows:  

PP* 11 

a2 = (3/2)2 u2 f ls2 = (0.52)2. 
log m 1% v log  Pp 
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By taking the  d i f f e r e n t i a l  of equat ion ( 5 ) ,  t he  number of meteoroids ,  
-dFs, impacting per  square  meter per second wi th  masses between m and 
m + dm i s  

Then, by equat ions (18) and ( 2 1 ) ,  the  f l u x  of impacting meteoroids,  
w i th in  both a n  increment of mass dm and a n  increment of i m p a c t  ang le  
dx2, is  

-dFs(s in  Zx,) dx, = -lop6 p2 m s i n  2x2 dx2dm. (22)  

By equat ion  ( 2 2 ) ,  the  incremental  number of punctures  d@, p e r  
square  meter per  second, due t o  meteoroids i n  the  increment of impact 
ang le  dx can be expressed by 

0 

where P, is the  p r o b a b i l i t y  t h a t  t h e  mass, m y  of a meteoroid,  which 
is  i n c i d e n t  wi th  an  ang le  of impact, x, is  s u f f i c i e n t  f o r  puncture 
( i . e .  , Pm is the  cumulative d i s t r i b u t i o n  of the normally d i s t r i b u t e d  
v a r i a b l e  log  m as def ined by equations (7), (19) ,  and (20)).  
s c r i p t  has been dropped from x2 i n  equation (23)  t o  i n d i c a t e  t h a t  t he  
popula t ion  of puncturing meteoroids i s  now considered r a t h e r  than the  
popula t ion  of impacting meteoroids.  

The sub- 

The tangent  l i n e  a t  the  po in t  Pm = 1 1 2  f o r  t he  curve r e l a t i n g  
Pm and log m is  a very  c lose  approximation t o  t h e  curve i n  the  i n t e r v a l  
0.25 5 Pm 5 0.75, and i t s  ex tens ion  throughout t he  i n t e r v a l  0 S Pmx 5 1 
is c l o s e  enough f o r  the  present  purpose; i . e .  , 

= 1 f o r  m > explo 

= (2x) 
-1 12 (log ma- log fix) + 

log  m 

+ -  

- otherwise 
2’ 
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Therefore ,  by using the expressions from equat ion (24) i n  eva lua t ing  
t h e  ingegral  i n  equat ion (23) ,  i t  fol lows t h a t  the  d i f f e r e n t i a l  puncture 
f l u x ,  d@, corresponding t o  the d i f f e r e n t i a l  impact ang le ,  dx, is  

I n  equation (19),  by r ep lac ing  log cos x with  the mean of log cos x2, 
s a y  log  cos ii,, one a l s o  r ep laces  fix ( the  m a s s  of the nominally punctur ing 
meteoroid a t  impact angle  x )  wi th  tii ( the  mass of the  nominally punctur ing 
meteoroid i n  equat ion (11)). Then, by equat ion (18), 

log cos 2, = ( log  cos xz) s i n  2x, dxz = - (1/2)  log e ;  (26) 

0 

and, by equations (19) and (26) , 

One f i n d s ,  by s u b s t i t u t i n g  the an t i l oga r i thm of t h e  r i g h t  s i d e  of equa- 
t i o n  (27)  f o r  ;;Ix i n  equat ion (25) ,  and by using the  numerical va lues  of 
P2 and ‘log m from equat ions (6) and (20), r e s p e c t i v e l y ,  t h a t  

d@ = loB6 iRp2(9.69 s i n  2x)(cos x)1.84 dx. (28)  

Then, by in t eg ra t ing  the r i g h t  s i d e  of equat ion (28) over t he  i n t e r v a l  
0 5 x 5 d 2 ,  
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Therefore ,  by equat ions (5) and (29),  t he  puncture f l u x  enhancement 
f a c t o r  is  f i v e ,  ins tead  of  four  [ l ] ,  and p5 i n  equat ion  (11) is 0.70 
i n s  tead of 0.60. 

V. DISTRIBUTION OF ANGLE OF IMPACT FOR PUNCTURING METEOROIDS 
ISOTROPICALLY FROM AN APPARENT HEMISPHERE ONTO A PLAIN OR CONVEX SURFACE 

The p r o b a b i l i t y  dens i ty  func t ion  f ( x )  of the  ang le  of impact, x, 
f o r  the populat ion of meteoroids which a c t u a l l y  puncture a given s h e e t  
of material exposed t o  an  i s o t r o p i c  f lux ,  is, by equat ions ( 2 8 )  and (29), 

f ( x )  = (dp/dx) /g  = 1.92(cos x)1-84 s i n  2x. ( 3 0 )  

Then, by i n t e g r a t i n g  equat ion ( 3 0 ) ,  the p r o b a b i l i t y  t h a t  a punctur ing 
meteoroid had an  angle  of impact of not more than x rad ians  from the  
normal i s  1 - (cos Therefore,  the  median and t h i r d  q u a r t i l e  of 
impact ang le  f o r  puncturing meteoroids a re  33.5 and 45 .8  degrees ,  
r e s p e c t i v e l y ,  from the  normal. 

V I .  PROBABLE RADIANT FOR A PUNCTURING METEOROID FROM A 
HEMISPHERE PARTIALLY OBSCURED BY THE EARTH 

The f r a c t i o n  of  the exposed c e l e s t i a l  hemisphere which has the  
meteoroid r a d i a n t s  corresponding t o  a d i f f e r e n t i a l  increment of i m p a c t  
ang le ,  dx,  v a r i e s  as s i n  x. Then, by equat ion  ( 3 0 ) ,  the  number of 
meteoroids which puncture a hemispherical ly  exposed f l a t  t ransducer  and 
which have r a d i a n t s  w i th in  a constant  d i f f e r e n t i a l  s o l i d  angle  i n ’ t h e  
v i c i n i t y  of a po in t  on a meridian of the  exposed hemisphere is propor- 
t i o n a l  t o  (cos x)2*84: 

The hemispherical  mean r a d i a n t  d e n s i t y  f o r  the  punctur ing meteoroids 
i s  not  expected t o  d i f f e r  appreciably from the r a d i a n t  dens i ty  correspond- 
ing t o  the  median impact a g l e  f o r  puncturing meteoroids ( fo r  which 
(cos x)2*84 equals  2-(2.8413*84); i . e ; ,  (1.67)-’). 

The apparent  d i s k  of the e a r t h  with angular  r a d i u s ,  8 ,  i n  equat ion  
(16) subtends a s o l i d  ang le  of 2 n ( l  - cos 6) s t e r a d i a n s ,  (see Refer- 
ence 2 3 ) .  Then, of the t o t a l  number of meteoroids which would puncture ,  
the  fraction R~ ohscurec! b y  the apparent  f r a c t i o n  R 2  of the earth’s d i s k  
is s u f f i c i e n t l y  approximated by 
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R, = 1.67(cos x)2'84 (1 - COS 0 )  Rz,  (31 1 

where x is the s e p a r a t i o n  of the  cent ro id  of the  apparent  segment from 
the  su r face  zen i th .  

The s e p a r a t i o n  D of the  cen te r  of the e a r t h ' s  d i s k  from 
the su r face  z e n i t h  (&,An) is r e l a t e d  t o  the  given coord ina tes  through 
the  formula f o r  the  havers ine  of D (see Reference 25): 

By d e f i n i t i o n ,  the  haversine and cosine of any ang le  A a r e  r e l a t e d  by 

(33) hav A = (1 - cos A)/2 .  

Then, by equat ions (32) and (33 ) ,  D is  the  s m a l l e s t  p o s i t i v e  va lue  i n  
rad ians  s a t i s f y i n g  

(34) P Y  COS D = C O S ( B ~  - Bn) - [I - COS (An - hp)]  cos f3 cos f3 n 

where D i s  i n  the i n t e r v a l  0 5 D 5 rc. 

When D 2 d 2  + 8 ,  the  e a r t h  i s  below the s u r f a c e  horizon,  both 
R, and R, i n  equat ion (31) vanish ,  and the  probable  r a d i a n t  of a punc- 
tu r ing  meteoroid is the  s u r f a c e  z e n i t h  (@,,&). But when D < ~ t / 2  + 8 ,  
the  probable r a d i a n t  is on the e a r t h ' s  meridian (of t he  exposed hemi- 
sphere)  and a t  an  angular   increment,^, beyond the  s u r f a c e  zen i th ,  s u f -  
f i c i e n t l y  approximated by 

when x R i  
Y = l - R ,  - Rl > -  
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When D 5 d 2  - e, t he  e a r t h  i s  e n t i r e l y  above t h e  su r face  horizon,  
R2 becomes u n i t y  i n  equat ion  (31), and D r ep laces  x i n  bo th  equat ions  (31) 
and (35). But when D is i n  the  i n t e r v a l  7(/2 - 8 < D < 1-t/2 + 8 ,  only  a 
segment of the e a r t h ' s  d i s k  is above the s u r f a c e  horizon,  the  r ad ius  of 
t he  earth's d i s k  t o  e i t h e r  horizon poin t  of t he  per iphery  makes a n  
ang le  a w i t h  the  meridian of the exposed hemisphere, and the  cen t ro id  
of t he  apparent  segment of the  earth's d i s k  is d isp laced  by an  ang le  z 
from the e a r t h ' s  cen te r .  Then a i s  a func t ion  of D and 8 ,  z is a func- 
t i o n  of a and 8 ,  R2 i n  equat ion (31) is  a func t ion  of a, and x i n  equa- 
t i o n s  (31) and (35) i s  a func t ion  of D and z .  These r e l a t i o n s  a r e  
approximated s u f f i c i e n t l y  from the  plane geometry f o r  c i r c u l a r  segments 
(see 'Reference 24) as follows: 

R~ = (a - s i n  a cos a ) / x ,  (37) 

z = (28/3) (s in3a)/  (a - s i n  a cos 09, (38) 

L e t  M r ep resen t  the  ang le  a t  the  center  of t he  e a r t h ' s  d i s k  between 
t h e  meridian of the exposed hemisphere and the c e l e s t i a l  meridian; and 
l e t  the  ce les t ia l  coordinates  of the probable r a d i a n t  of the  puncturing 
meteoroid be & and A,. Then the sphe r i ca l  t r i a n g l e s  which a re  formed 
on the  c e l e s t i a l  sphere  by the c e l e s t i a l  po le  and the  g r e a t - c i r c l e  a r c s  
D and D + y have the  fol lowing s o l u t i o n  (see Reference 25): 

- D ) ]  csc ( d 2  - pp) csc D,  % hav-M = [hav ( d 2  - pn) - hav ( d 2  - 
(40) 

- D - 7) + s i n  ( d 2  - pp) s i n  (D + 7) hav M y  Bp hav ( d 2  - B,) = hav ( d 2  - 
(41) 
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Then, by equat ions (33) ,  (40), and (41), the ce les t ia l  l a t i t u d e ,  or, of 
t he  probable r a d i a n t  ( i n  the  i n t e r v a l  -1d2 S & 5 n / 2 )  can be ca l cu la t ed  
from: 

[ s i n  pn - s i n ( @  + D)], (43) s in(D + y) s i n  p = s i n ( @  + D + y )  + 
P s i n  D P r 

where, by d e f i n i t i o n ,  -x /2  s & S 31/2. Also, by equat ions  (33) and (42) ,  
the  c e l e s t i a l  longi tude ,  &, of t h e  probable r a d i a n t  can be ca l cu la t ed  
from 

cos y - C 0 S ( B n  - Br) 
cos (Ar - An) = 1 + cos p cos f3 r n 

(44) 

I n  add i t ion  t o  equat ion  (44) f o r  cos ( A r  - An), one must have a 
formula f o r  s i n  (Ar - &) t o  remove the  quadrant  ambiguity.  Le t  N be 
the  angle  between the c e l e s t i a l  and s u r f a c e  meridians a t  the  probable 
r a d i a n t ;  i .e . ,  0 5 N S JI, 

- hav ( d 2  - Br - y ) ]  csc  (x/2 - 8,) csc  Y *  hav N = [hav ( d 2  - Bn) 
(45 1 

Then, by equat ions (33) and (45),  N can be ca l cu la t ed  from 

s i n  p - sin(Br + y )  n 
cos N = 1 + , O S N S r r .  cos pr s i n  y 

Therefore ,  by the l a w  of s i n e s ,  

s i n  (A - An) = s i n  y s i n  N - - s i n  y s i n  N 
r s i n  ( d 2  - B,) cos Bn 

(47) 
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V I 1  . CONCLUS IONS AND RE COMMENDATIONS 

I n  Pegas us - type me teoro  id  measurement sa t e l  1 i t e  experiments , where 
v e h i c l e  a t t i t u d e  information is a v a i l a b l e  without  information about  t he  
meteoroid c los ing  v e l o c i t y  vec to r ,  t he  probable  r a d i a n t  and the  puncture  
f l u x  enhancement f a c t o r  f o r  sporadic  meteors should be based on the  
assumption that v e l o c i t y  vec to r s  f o r  ambient meteoroids a r e  i s o t r o p i c a l l y  
d i s t r i b u t e d .  
f l a t  t ransducer  are more than 45 degrees from the  normal, those wit l i in  
45 degrees puncture th ree  times more e f f e c t i v e l y  than the  o the r s ,  and 
h a l f  of the  puncturing meteoroids a r e  l e s s  than 33.5 degrees from the  
normal when the  e a r t h  is below the  su r face  horizon.  

Then, a l though h a l f  of the meteoroids which impact i n t o  a 

The p r o b a b i l i t y  d e n s i t y  func t ions  f (x2) and f (x) and the  correspond- 
ing cumulative d i s t r i b u t i o n s  f o r  angles of impact x2 and x f o r  i nc iden t  
and puncturing meteoroids ,  r e spec t ive ly ,  a r e  a s  follows when the  e a r t h  
is below the  s u r f a c e  horizon: 

f (x2) = s i n  2x, (18) 

f ( x )  = 1.92 (cos x)1*84 s i n  2x 

X 

f ( x )  dx = 1 - (cos x ) ~ * ~ * .  s 
0 

The p r o b a b i l i t y  dens i ty  funct ions i n  equat ions (18) and (30) above 
a l s o  imply that the  f l u x  p’ of puncturing meteoroids is f i v e  times g r e a t e r  
than the  f l u x  Fs of inc iden t  meteoroids w i t h  mass m equal t o  or  g r e a t e r  
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than the mass 6 of the  almost-puncturing meteoroid wi th  the  average 
va lues  of m a t e r i a l  dens i ty ,  v e l o c i t y ,  and i m p a c t  ang le ;  i .e . ,  

The Pegasus-type experiments g ive  puncture  f l u x ,  @, as a func t ion  
of t a r g e t  th ickness ,  p,  and t a r g e t  m a t e r i a l  parameter, k2, r a t h e r  than 
as a func t ion  of the  parameters p2 and p6 r e l a t i n g  f l u x  and mass i n  
equations (5) and (29) above; i . e . ,  

where k, and k3 depend on the  unknown meteoroid material parameters,  on 
the  mechanics of impact, and poss ib ly  a l s o  on k2 and p,  and where k2 is 
a known func t ion  of the known t a r g e t  material parameters as follows: 

As observed from the  s i t e  of puncture i n  a Pegasus-type experiment, 
the  angular  r a d i u s ,  e,  of the  e a r t h ' s  e f f e c t i v e  meteoroid encounter 
c ross  s e c t i o n  is s u f f i c i e n t l y  approximated from: 

where r is the  g e o c e n t r i c  r a d i a l  d i s t a n c e  of the  s a t e l l i t e  i n  k i lometers  
and re i s  the r ad ius  of the  e a r t h  i n  k i lometers .  

The sepa ra t ion  D(O 5 D 5 n r a d i a n s )  of the  c e n t e r  of the  e a r t h ' s  
d i s k  ( a t  c e l e s t i a l  coord ina tes  pp and Ap) from the  s u r f a c e  z e n i t h  (a t  
celest ia l  coord ina tes  f$., and An) is c a l c u l a t e d  from: 
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When D L d 2  + e the  e a r t h  is below the s u r f a c e  horizon and the 
probable r a d i a n t  of a puncturing meteoroid is  the s u r f a c e  zen i th  (3n ,  n ) .  
But when D is  i n  the i n t e r v a l  i r /2  - 9 < D < :r/2 + 5, a f r a c t i o n  R.: of  
the  e a r t h ' s  d i s k  wi th  c e n t r a l  angle  2a is apparent  above the s u r f a c e  
horizon and s h i e l d s  a f r a c t i o n  R, of the meteoroids from the exposed 
c e l e s t i a l  hemisphere. The centroid of the  apparent  segment is separa ted  
z r ad ians  from the cen te r  of the e a r t h ' s  d i s k  and x r a d i a n s  from the 
s u r f a c e  zen i th .  
(of t he  exposed hemisphere) a n d  a t  an  increment 7 rad ians  beyond the 
s u r f a c e  zen i th .  The r e l a t i o n s  between these  parameters a r e  s u f f i c i e n t l y  
approximated by: 

Then the  probable r a d i a n t  is  on the  e a r t h ' s  meridian 

R, = (a - s i n  a cos a ) / n  (37 )  

z = (20 sin3a)/(3nR,) (38) 

x = D -  z ( 3 9 )  

R, = 1.67(cos x)2 '84 (1 - C O S  e )  R 2  (31) 

xR1 > 4 1 3  
1 - R l  = 8 + D/3 when 

A l s o ,  when D 5 n / 2  - 8 the  e a r t h  is e n t i r e l y  above the su r face  horizon,  
R2 becomes u n i t y  i n  equat ion (31 )  and D r ep laces  x i n  both equat ions (31) 
and (35). 
s u r f a c e  horizon (D < r(/2 + e ) ,  the c e l e s t i a l  coord ina tes  of the probable 
r a d i a n t  (&, A,) can be ca l cu la t ed  from: 

Then, when a t  l e a s t  p a r t  of the  e a r t h  is  apparent  above the 

sin(D + [ s i n  p - s i n  (f3 + D)] 
- P s i n  p, = sin (p, + D + 7) + sin n 

(43) 

2 1  



cos Y - cos 'B, - Br) 
cos 'Ar - An) = 1 + 

cos f3 cos B r n 

s i n  y s i n  N s i n  (Ar - An) = 
cos n 

(44) 

(47 1 

where 

s i n  B - s i n ( @ =  + 7) n 
cos f3 s i n  y r 

(46 1 cos N = 1 + , O 5 N S n .  

The formulas f o r  the c e l e s t i a l  coord ina tes  of the  probable r a d i a n t  
(&,&) of a punctur ing meteoroid have been cor rec ted  f o r  ea r th - sh ie ld ing .  
This co r rec t ion  is important near  the  e a r t h  even under nominal circum- 
s t a n c e s ;  e .g . ,  when the o r b i t  he igh t  is  500 k i lometers ,  the r ad ius  of 
t he  e a r t h ' s  d i s k  (as seen  from the  veh ic l e )  is  70 degrees .  
case, when the e l eva t ions  of t h e  e a r t h ' s  c e n t e r  are  0, 15, 30, 45,  and 
60 degrees,  the  probable r a d i a n t s  are de f l ec t ed  5, 10, 20, 39, and 80 
degrees ,  r e s p e c t i v e l y ,  by the ea r th - sh ie ld ing  e f f e c t .  

Probable r a d i a n t s  i n  Pegasus-type experiments should be ca l cu la t ed  

In  t h a t  

from the formulas r e - s t a t e d  above i n  t h i s  s e c t i o n ,  
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